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Abstract In this paper, we report on the bulk modifica-
tions of type IIa single-crystal diamond with visible 10-ps
pulses (at k = 532 nm) and microstructural changes char-
acterized by the appearance of several ‘unidentifiable’
vibrational modes in the frequency range of
1000–1400 cm-1 in the Raman spectra of laser-modified
diamond. It is found that the new Raman modes are
strongly pronounced in the spectra of high-stress regions in
immediate proximity to the bulk microstructures in the
absence of the G mode at *1580 cm-1 characteristic of
the sp2 phase. The high internal stresses are determined
from the splitting of the triply degenerate diamond Raman
line. The revealed structure transformation is localized
within a narrow bulk layer near the bulk microstructures
formed, and the stress relaxation is found to result in dis-
appearance of the detected vibrational modes in the spec-
tra. It is suggested that the formation of bulk regions with a
sp3 carbon structure consisting of Z-carbon and hexagonal
diamond is responsible for the appearance of new Raman
modes in the spectra of laser-modified diamond. These
findings evidence that the stress-assisted formation of novel
metastable carbon phases or defect structures occur in the
course of bulk modification of diamond with ps-laser
pulses. In addition, we report the results of simulations of
internal stresses in the system ‘graphitized cylinder-in-
diamond’ to show (1) the effect of the mechanical prop-
erties of laser-modified diamond on the resulting stresses
and (2) formation of bulk microscopic regions with high
stresses of [10 GPa, i.e., the conditions at which various
sp3 carbon allotropes and defect structures become more
stable than graphite.
1 Introduction
Since the first theoretical papers on laser-induced ultrafast
phase transitions in carbon [1, 2], bulk graphitization of
diamond with ultrashort pulse (femtosecond and picosec-
ond) lasers is of permanent interest. In early experimental
works, basic mechanisms of the bulk damage (graphitiza-
tion) of diamond with fs- and ps-laser pulses were studied
[3–5], while one of highly promising applications of
micron-sized bulk modifications for diamond gem marking
was found, unexpectedly, to be ‘an unlikely application’
because of the statistical nature of the fs-laser damage in
the bulk of diamond crystals [5]. Further experimental
studies have demonstrated high potential of ultrashort pulse
lasers for three-dimensional (3D) bulk graphitization/
microstructuring of high-quality single-crystal diamonds
[6–16]. Particular applications of 3D microstructuring are
related to (1) fabrication of periodic metallo-dielectric
structures in single-crystal diamond, which act as a pho-
tonic crystal in terahertz region [7], and (2) fabrication of
3D graphitic electrodes for diamond radiation detectors
[14–16].
As was discussed [17], there are no principal limits for
graphitization of defect-free regions to occur in the bulk of
diamond, when the graphitization can be considered as a
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laser-stimulated process of a ‘graphite-in-diamond’ defect
formation or amorphization of the original crystal lattice.
There is, however, one fundamental point, dealing with
generation of high internal stresses in the course of
graphitization, which may strongly influence the phase
transition and the resulting structure of laser-modified
regions in the bulk of diamond. Data of the effect of high
stresses on the structure and properties of laser-produced
bulk microstructures in diamond are very limited, which
results mainly from experimental difficulties in examina-
tion of microscopic regions in the bulk of the crystals.
Previous Raman spectroscopy studies of bulk microstruc-
tures have evidenced the diamond transformation to
amorphous carbon and graphitic phases [6, 7, 9, 12, 13],
and measurements of the electrical conductivity showed it
to be three orders of magnitude lower than that of graphite
[6, 7, 11]. Modeling of internal stresses generated in dia-
mond as a result of bulk modifications showed that the
transformation of diamond to hard amorphous carbon led
to much higher internal stresses (of *30 GPa) than its
transformation to a soft graphitic material which, in turn,
could qualitatively account for the observed ‘explosive-
like’ damage in diamond during ps-laser bulk microstruc-
turing [13]. In addition, recent findings of (1) crystal-
lographic-plane-dependent character of the structural
modifications and (2) formation/generation of defect cen-
ters during bulk microstructuring with ultrashort pulses
should be emphasized [12, 13, 18]. The effect of crystal-
lographic orientation is manifested in the fact that the laser-
induced phase transformations are initiated along {111}
planes characterized by the lowest strength in diamond
[19], while the laser-induced generation of defect centers
(3H, NV) is proved as the appearance/enhancement of the
characteristic lines in photoluminescence (PL) spectra of
diamond [12, 18]. These findings seem to be important for
an insight into the mechanism of bulk modifications of
single-crystal diamond with ultrashort laser pulses.
The theoretical analysis of ultrafast nonthermal phase
transitions in diamond [1, 2] had showed that the laser-
induced graphitization occurred within a timescale of 100
fs, with the graphitic structure remaining intact within 5 ps
(maximum simulation time), while it could not describe the
structure formed upon further (or full) relaxation of the
laser-excited and laser-modified diamond. At the same
time, it is known that graphite undergoes a phase transition
to a superhard sp3 phase [20, 21] at ambient (low) tem-
peratures and high pressures in the range of 10–20 GPa;
recent theoretical studies have revealed a variety of sp3
carbon structures (M-carbon, W-carbon, Z-carbon, and
other allotropes), which are more stable than graphite in the
range of 10–20 GPa [21–26]. Such kind of low-energy sp3
carbon structures can, in principle, be formed in/around
bulk microstructures where the conditions suitable for a
‘graphite-to-sp3 carbon’ phase transition can be achieved in
the course of ps-laser bulk modifications of single-crystal
diamond. It is the probable formation of novel (theoreti-
cally predicted) sp3 carbon phases and/or defect structures
in picosecond-laser-graphitized diamond, which is the
main question to be addressed in this paper in an attempt to
explain the origin of new vibrational modes revealed in the
Raman spectra of the laser-modified diamond.
In this paper, we report on the bulk modifications of
single-crystal diamond with visible 10-ps pulses (at
k = 532 nm) and microstructural changes characterized by
the appearance of several ‘unidentifiable’ vibrational
modes in the frequency range of 1000–1400 cm-1 in the
Raman spectra of laser-modified diamond. The correlation
of these new Raman modes with high internal stresses, also
determined from the Raman spectra (from splitting of the
triply degenerate Raman line in diamond), and their
metastable behavior are discussed. In addition, we report
the results of simulations of internal stresses in the system
‘graphitized cylinder-in-diamond’ to show (1) the effect of
the mechanical properties of laser-modified diamond on the
resulting internal stresses and (2) formation of bulk
microscopic regions with high stresses of [10 GPa (i.e.,
the conditions at which various sp3 carbon allotropes and
defect structures become more stable than graphite [21–23,
26]).
2 Experimental details
The bulk modification/microstructuring of diamond was
carried out using a picosecond MOPA (master-oscillator
power-amplifier) laser system—the DUETTOTM system
[27, 28]. This laser system generates pulses of 10-ps
duration, the repetition rate can be varied between 50 kHz
and 1 MHz, and the maximum average power is 10 W.
Type IIa CVD single-crystal diamond plates of
6.0 mm 9 1.34 mm 9 1.26 mm size (length 9 width 9
thickness), with mechanically polished {100} growth faces
and {110} side faces, nitrogen content [N] \1 ppm (from
Element Six Ltd [29]), were used as the samples for
ps-laser microstructuring. The CVD diamond single crys-
tals are characterized by high crystalline and optical quality
[30, 31].
The experimental setup for ps-laser bulk microstruc-
turing is described elsewhere [12, 18]. As a laser source,
we used the second laser harmonic of the DUETTO sys-
tem, which generates 10-ps pulses at the wavelength
k = 532 nm. The laser pulse energy was in the range of
e = 0.5 lJ to e = 2 lJ; the pulse repetition rate was
f = 50 kHz. A laser beam was focused using a galvo
scanner equipped with a 100-mm f–h objective, the laser
beam radius in the focal plane of the objective was
546 S. M. Pimenov et al.
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wo = 7 lm. A video imaging system (model ‘Digital
viewer GE-5’) was applied for real-time observation of the
appearance and growth of a laser-graphitized region in the
bulk of diamond in the course of multipulse irradiation, as
described and demonstrated elsewhere [12]. In the exper-
iments, the laser beam was incident normally to the (110)
face and focused through a diamond plate to the rear side of
the plate. The sample translation velocity (in the direction
of a laser beam) was Vz = 0, i.e., the focus position was
fixed, so the growth of a bulk ‘graphitized’ microstructure
from the rear side toward the laser beam was governed by
the dielectric breakdown mechanism, as was recently
confirmed [18]. Focusing the laser beam to the backside
interface enables us to have access [from the back side
(BS) of the diamond plate] to the laser-modified diamond
for structural investigations using Raman and PL spec-
troscopy techniques.
Figure 1 shows an optical microscopy image of bulk
microstructures fabricated in a 1.34-mm-thick diamond
plate by 10-ps pulses of different energies e = 1.6, 1.8, and
2.0 lJ at f = 50 kHz. The top of the image corresponds to
the BS of the plate, and bulk regions of each microstructure
from the BS to a depth of about 270 lm are shown. The
bulk microstructures presented in Fig. 1 are three of ten
microstructures, which were considered in the analysis of
the mechanism of ps-laser optical breakdown and structure
growth in our recent paper [18]. Hereinafter, these micro-
structures are referred to as S8, S9, and S10, respectively,
among which the S9 was mostly used in the Raman
spectroscopy studies.
The morphology of laser spots on the BS of the diamond
plate was measured with a 3D surface profiler ‘Zygo’
(model New View 5000). The microstructural properties of
laser-modified regions were examined with micro-Raman
and PL spectroscopy techniques at 488 nm excitation
wavelength using a Horiba Jobin–Yvon LabRAM HR800
spectrometer. Raman and PL spectra (with 0.6 and
1.8 cm-1 spectral resolution, respectively) were measured
mainly on the BS surface of the plates at different distances
and coordinates from the center of laser spots. The laser
light was focused onto the surface (or into the bulk) in a
spot of 1 lm diameter; the spectra were recorded at room
temperature. Few Raman measurements were carried out in
the confocal geometry to probe the structure S10 located at
*70 lm depth from the surface of the side (100) face, i.e.,
the 488-nm laser beam was focused through the side (100)
face into the bulk to a depth of *70 lm. For the excitation
wavelength kexc = 488 nm and laser spot size of
dexc = 1 lm, the confocal parameter in diamond is equal
to b = 2zR = 2n[p(dexc/2)
2]/kexc = 7.7 lm (for the
Gaussian laser beam), where zRis the Rayleigh length and
n = 2.4 is the refractive index of diamond. In our Raman/
PL measurements, a pinhole of 50 to 300 lm diameter was
placed at the back focal plane of a 1009 objective (to
reduce the effective sampling volume), so the confocal
parameter was in the range from *4 to 6 lm.
3 Results
3.1 Detection of new Raman modes in laser-modified
single-crystal diamond
PL and Raman spectra measured on the (110) back face in
different points within and outside the microstructure S9
are displayed in Fig. 2. Figure 2a shows an optical trans-
mission image of the S9, and the directions X and Y along
which the PL/Raman measurements were made. The X-axis
is directed normally to the (100) side face toward the center
of the 1.26-mm-wide plate, and the Y-axis is parallel to the
(100) side face and is directed along the BS surface from
the S9 to the S8 microstructure (shown in Fig. 1).
Figure 2b shows characteristic features in the PL spectra
recorded (1) in the center of the laser spot formed at the
(110) back face surface during the S9 microstructure fab-
rication, (2) in close proximity to the laser spot at 10 lm
distance from the center, and (3) far away from the laser
spot (at 150 lm distance), i.e., location equivalent to the
original diamond. PL spectra were measured in the range
of 490–800 nm. The PL spectrum of the original crystal is
dominated by an intensive Raman line at 522 nm and a
weak NV luminescence [32] at wavelengths of
570–800 nm. The Raman spectrum (not shown here) is
Fig. 1 Optical image of bulk microstructures fabricated in a 1.34-
lm-thick diamond plate by ps-laser irradiation (k = 532 nm,
s = 10 ps) at different pulse energies e = 1.6, 1.8 and 2.0 lJ from
left to right (the structures are called as S8, S9, and S10, respectively),
f = 50 kHz, Vz = 0; the laser beam incidence along [110] direction
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characterized by the first-order Raman line at
xdiam = 1332.5 cm
-1 (full width half maximum
(FWHM) = 1.75 cm-1), evidencing a high-structural
quality of the original single-crystal diamond.
In the spot center of the S9, the Raman spectrum is
dominated by two broad bands at xD = 1350 cm
-1 (D
band) and xG = 1580 cm
-1 (G band) which are typical of
amorphous carbon structures, particularly tetrahedral
amorphous carbon (ta-C) films with high sp3 content [33],
as was discussed in our previous papers [12, 13]. A weak
first-order diamond Raman peak shifted to a higher fre-
quency of *1334 cm-1 is also observed in the spectrum,
indicating a composite ‘diamond-amorphous carbon’
structure of the laser-modified diamond.
Examination of the local PL behavior with increasing
distance from the spot center has revealed the appearance
of new vibrational modes in close vicinity to the diamond
Raman line. The discovered Raman modes are marked by a
dashed circle in Fig. 2b and are displayed in more detail in
Fig. 3. These Raman bands (of intensity almost two orders
of magnitude lower than that of the diamond Raman line)
are positioned in the frequency range of 1000–1400 cm-1.
It should be also mentioned that under the given bulk mi-
crostructuring conditions ([110] beam direction, pulse
repetition rate f = 50 kHz), the 3H luminescence at
504 nm was observed to be much weaker than that in the
previous experiments with 10-ps pulses under the [100]
laser beam incidence and f = 10 kHz [12].
The observed transformations in the Raman spectra
measured along the X direction (see laser spot in Fig. 2a) are
shown in Fig. 3a and those measured along the Y direction
are shown in Fig. 3b; the spectra in Fig. 3b were recorded at
higher resolution due to larger integration time. It is inter-
esting to see that the ‘amorphous carbon’ structure inside the
laser spot of radius R = w0 = 7 lm (i.e., inside the
microstructure S9) is transformed into a new carbon phase
located within a narrow bulk layer [8 lm \ X(Y) \ 12 lm]
surrounding the structure S9. In addition to the spatial
localization, this ‘unidentifiable’ carbon phase and/or
defect structure is characterized by four Raman modes
(x1 & 1020 cm
-1, x2 & 1120 cm
-1, x3 & 1160 cm
-1,
and x4 & 1280 cm
-1) at frequencies lower than the dia-
mond phonon frequency xdiam = 1332.5 cm
-1 and one
mode x5 & 1390 cm
-1 at higher frequency. At distances
X [ 14 lm, only the first-order diamond Raman line is
present in the spectra obtained. The Raman spectra–on–
distance dependence correlates qualitatively with the optical
images of the microstructure S9 (both in Figs. 1, 2a) where
bulk regions of lower transmission evidence the presence of
non-diamond phases and its spatial non-uniformity reflects a
crystallographic-plane-dependent character of the bulk
modifications as discussed elsewhere [12, 18].
The above carbon phase was found not only in the near-
surface micrometer thick layers at the (110) back face of
the crystal but also in the bulk regions neighboring to the
S10 microstructure at a depth of *200 lm from the (110)
back face surface. For this, Raman measurements were
made in the confocal geometry to probe the structure S10
located at &70 lm depth from the surface of the side (100)
face. Figure 3c compares the Raman spectra of the S9 and
S10 microstructures and shows the presence of the identi-
cal Raman modes in the spectra, except for smearing of the
x5 and xG bands. A reason of smearing of the Raman
bands is due to the dimensions of the bulk region probed.
During the measurements, the confocal parameter is
*4 lm, and a microscopic volume of about 1 lm2 9 4
lm is probed in the direction normal to the S10 structure,
leading to superposition of changing Raman bands from
different bulk microregions and smearing of the spectral
bands. Note that similar Raman spectra were recently
Fig. 2 a Optical transmission image of the microstructure S9
(viewed from the (110) back face) examined with PL/Raman
spectroscopy at varying distances from the S9 center along the
X and Y directions at the (110) back face surface; b PL spectra
measured in the center of the S9 (Raman spectrum—in the inset) and
along the X-axis at X = 10 lm and X = 150 lm, excitation wave-
length 488 nm; R is the diamond Raman line at 522 nm, new Raman
modes are marked by a dashed circle (see text for details)
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reported for a bulk microstructure fabricated in diamond
(to a depth of *30 lm) by laser irradiation with 1-ps
pulses [34].
We emphasize briefly some distinctive features of the
detected Raman modes (x1, x2,…, x5) in the spectra of the
laser-modified diamond. First, the intensities of these
modes change ‘synchronously’ (see Fig. 3b), implying the
content of a new carbon phase to vary with distance from a
bulk microstructure. Second, the high-frequency mode at
x5 & 1390 cm
-1 is different from the disorder-induced D
band positioned near xD = 1350 cm
-1 for the excitation
wavelength kexc = 488 nm [35, 36] (in spite of proximity
in the positions of these modes). It should be noted that the
x5 mode is observed in the spectra in the absence of the G
band at xG *1580 cm
-1. Third, the new Raman modes
are localized in a narrow region adjacent to the bulk
microstructure where high internal stresses generated in the
course of bulk graphitization can influence the final struc-
ture of laser-modified diamond. In the following Sects. (3.2
and 3.3), we analyze the results of modeling and additional
Raman data on the internal stresses in laser-modified dia-
mond before coming to our final discussion and conclu-
sions about the origin of the new Raman modes shown in
Fig. 3.
3.2 Modeling of internal stresses in the system
‘graphitized cylinder-in-diamond’
Here, we consider the task of internal stresses generated in
diamond as a result of bulk structure transformations and
estimate the stresses in the system ‘graphitized cylinder-in-
diamond’. The modeling scheme for a graphitized cylinder
embedded in diamond is shown in Fig. 4a. In simulations,
we assume that a cylinder of radius R (infinite along Z-axis)
is taken out from diamond, ‘graphitized’ (the ratio of
expansion is the same in all axes) and then it is placed back
into diamond. An objective of the modeling is to find out
how the properties of laser-modified material (q1; E1; m1)
affect the resulting internal stresses in the system (q1 is the
material density, E1 is the Young’s modulus, and m1 is the
Poisson’s ratio; q2; E2; m2 are the density, Young’s modu-
lus, and Poisson’s ratio of diamond).
Using Hooke’s law for isotropic materials (see, e.g.,
[37]) in the form in which the strain is expressed in terms
of the stress tensor and assuming certain equilibrium and
boundary conditions, we get the following analytical
expressions for the stresses inside the graphitized cylinder
bFig. 3 a Raman spectra of the S9 microstructure measured at varying
distances from the center along the X direction (in Fig. 2a), two
spectra at X = 3 lm and X = 6.5 lm are shifted upwards for clarity;
b Raman spectra measured at varying distances along the Y direction
(in Fig. 2a), c Raman spectrum of the S10 microstructure measured in
the bulk at &70 lm depth from the surface of the side (100) face in
comparison with the spectrum of the S9 structure measured at
X = 10 lm. The frequencies of the new Raman modes are
x1 & 1020 cm
-1, x2 & 1120 cm
-1, x3 & 1160 cm
-1,
x4 & 1280 cm
-1, and x5 & 1390 cm
-1
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(r1r; r1/; r1zÞ and in the surrounding diamond
(r2r; r2/; r2z):
r1r ¼ r1/ ¼ C 1 þ km1ð ÞE2 ¼ const; ð1Þ
r1z ¼ C k þ m1ð2  kÞ½ E2 þ ð1 þ m2ÞE1f g ¼ const; ð2Þ
where C ¼ ðk  1ÞE1
kE2 1  m1  2m21
 þ E1 1 þ m2ð Þ
;
k ¼ ðq2=q1Þ1=3;
r2rðrÞ ¼ r2/ðrÞ ¼ r1rðR2=r2Þ; ð3Þ
r2z ¼ 0; ð4Þ
where R is the radius of a graphitized cylinder and r is the
radial distance from the center of the cylinder.
Based on our Raman data of bulk microstructures (see
[12, 13] and Fig. 2b), two types of material of the
graphitized cylinder are selected in calculations using the
above expressions (1)–(4). The first material is
tetrahedral amorphous carbon (ta-C), which is dense and
hard, with the density of q1 = 2.9–3.1 g/cm
3 and
Young’s modulus E1 = 550–750 GPa (see refs. [33, 38,
39] ). The second material is isotropic pyrocarbon (py-
rographite), which is less dense (q1 = 2.2 g/cm
3) and
soft (E1 = 28 GPa) [40]. For diamond, we take:
q2 = 3.5 g/cm
3, E2 = 1,050 GPa, m2 = 0.07 [41]. The
results of calculations of internal stresses are given in
Table 1.
It should be noted that under the assumption of the equal
expansion ratio for all axes, the compressive stresses along
Z-axis and in the XY plane were found to be appreciably
different (compare the |r1r| and |r1z| in Table 1), that is,
probably not the case in real conditions when the material
undergoes a structure transformation under the pressure.
We therefore consider another limiting case, assuming the
stresses (inside the cylinder) equal for all axes:
r1r ¼ r1/ ¼ r1z = |r1|*. The obtained values of |r1|* are
given in Table 1. The expressions (3)–(4) for the stresses in
diamond are valid. The stress-on-radius dependences in
diamond (surrounding the laser-graphitized cylinder) are
displayed in Fig. 4b for both, the hard amorphous and soft
graphitic materials inside the cylinder of radius R = 7 lm
(the cylinder radius is taken equal to the laser beam radius
w0 = 7 lm). A region of DR* *5 lm size (marked in
Fig. 4b by yellow color) shows a bulk layer around a
graphitized cylinder where the internal stresses are higher
10 GPa.
The first important result of modeling is that the
transformation from diamond to hard amorphous carbon
(known as the material with high sp3 content of 80–85 %
[33]) results in considerably higher internal stresses than
the transformation to the soft graphitic material, though
the Dq = q2 - q1 is considerably smaller. The second
important result is that the high-pressure conditions are
realizable, and the formation of sp3 carbon allotropes
more stable than graphite at ambient temperatures is
feasible under the bulk microstructuring of diamond with
ultrashort laser pulses. However, under experimental
Fig. 4 a Scheme of modeling of internal stresses in the system
‘graphitized cylinder-in-diamond’; b stress-on-distance dependence
in diamond for two different structures (see properties of the
structures in Table 1) of a graphitized cylinder of radius R, a yellow
region of DR* size denotes a bulk layer around the cylinder where the
stresses are higher 10 GPa
Table 1 Stresses in a ‘graphitized cylinder-in-diamond’ system
(shown schematically in Fig. 4a)
Material q1 (g/
cm3)
E1
(GPa)
m1 |r1r|
(GPa)
|r1z|
(GPa)
|r1|*
(GPa)
ta-C 1 3.1 750 0.12 21.1 36.0 24.0
ta-C 2 3.1 550 0.12 17.7 26.9 19.6
ta-C 3 2.9 550 0.12 27.4 42.0 30.0
Isotropic
pyrocarbon
2.2 28 0.2 6.7 7.4 6.8
q1; E1; m1 are the density, Young’s modulus, and Poisson’s ratio of
laser-modified material; |r1r|, |r1z|, and |r1|* are the stresses inside a
graphitized cylinder (see text for details)
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conditions, the stress distribution is different and much
more complicated, resulting principally from the spatially
non-uniform, crystallographic-plane-dependent character
of the bulk modifications in diamond (see Fig. 1 and refs.
[12, 18]).
3.3 Stress-induced shift and splitting of the first-order
Raman line in laser-modified diamond
Information on the internal stresses generated in diamond
as a result of bulk modifications has been derived from the
Raman spectroscopy analysis of the triply degenerate first-
order diamond Raman line. It is known [42–46] that,
depending on stress configurations, the diamond Raman
peak can be shifted relative to the diamond phonon fre-
quency xdiam = 1332.5 cm
-1 and split into two or three
components. The evolution of the diamond Raman spec-
trum measured along the X-axis at different distances from
the S9 center (from X = 6.1 to 12.8 lm) is shown in
Fig. 5a. The Raman measurements cover the range from
the edge of the ps-laser spot (X & 6–6.5 lm) to the edge
of a deformed area (X & 12–13 lm) around the ps-laser
spot on the (110) back face of the diamond plate (see
Fig. 2a).
It is clearly seen in Fig. 5 that the first-order Raman line
is asymmetrically broadened, shifted to higher frequencies
(relative to xdiam = 1332.5 cm
-1) and split into three
components. Such a behavior of the Raman spectra is due
to the presence of anisotropic internal stresses in the near-
surface layers. The observed splitting of the Raman line is
related to a narrow region neighboring to the S9 micro-
structure (X = 6–10 lm), though the three components
become less resolved in the spectrum at X = 10 lm. With
distance, the triple degeneracy of the diamond Raman line
is restored: The spectrum of X = 12.8 lm is represented
by a single band slightly broadened and shifted upward
relative to the bulk frequency, and at X [ 14 lm, the
spectrum is similar to that of the original crystal. The
Raman spectra measured at four local spots, from
X = 6.1 lm to X = 10 lm, are fitted with three Lorentzian
peaks at frequencies of xdiam1, xdiam2, and xdiam3; the data
of the frequencies and full width at half maximum
(FWHMs) of the peaks are given in Table 2. In addition,
the average frequency shift Dxav is calculated using the
following expression [46]
Fig. 5 a High-resolution Raman spectra measured along the X-axis
(shown in Fig. 2a) at increasing distance from the S9 microstructure;
b average frequency shift Dxav (for the above spectra) vs distance
X (solid squares) superimposed onto the surface swelling profile
measured along the X-axis
Table 2 Frequencies and FWHMs of the Raman lines obtained from deconvolution and Lorentzian peak fitting for the spectra in Fig. 5a
compared with those of the original diamond plate
Distance along X (lm) xdiam1/FWHM (cm
-1) xdiam2/FWHM (cm
-1) xdiam3/FWHM (cm
-1) Dxav (cm
-1)
6.1 1332.88/3.62 1337.41/2.74 1341.97/2.90 4.30
7.3 1332.96/3.61 1337.57/2.78 1340.98/2.48 3.35
8.5 1331.97/2.76 1333.53/3.09 1337.20/2.51 2.42
10 1331.53/1.94 1333.71/2.76 1336.30/2.15 1.46
12.8 1332.79/2.78 0.29
Original plate 1332.5/1.75 0
The average frequency shift Dxav calculated using (5) for the spectra in Fig. 5a
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Dxav ¼ Dx1I1 þ Dx2I2 þ Dx3I3
I1 þ I2 þ I3 ; ð5Þ
where Dxi ¼ xdiamðiÞ  xdiam; ði ¼ 1; 2; 3Þ, and the I1, I2,
and I3 are the intensities of the corresponding Lorentzian
peaks in the Raman spectra under consideration. The
average frequency shift can be considered as a measure of a
mean hydrostatic stress, i.e., Dxav/rav. In Fig. 5b, the
Dxav is shown to decrease from 4.3 to 0.29 cm
-1 with
distance, correlating with the modeling results of the stress-
on-radius dependence in Fig. 4b. It should be also noted
that the Dxav value is proportional to the swelling height
(Dh) of the surface profile; the surface swelling is known to
result from the bulk structure transformation, lower density
of the laser-modified diamond, and high internal stresses in
the bulk [47]. In case of hydrostatic stresses, the frequency
shift of Dxav = 4.3 cm
-1 corresponds to the compressive
stress of rav = Dxav/ah = 1.6 GPa (where ah = 2.64
cm-1/GPa is the hydrostatic pressure coefficient [48]). The
real stress pattern around the microstructure S9 is different
from the hydrostatic conditions, and the calculated values
of rav/Dh are considered as a hydrostatic component of an
unknown stress distribution in the bulk near-surface
regions.
The detailed analysis of a particular stress pattern is out
of the goals of this paper, rather our analysis is aimed at
estimation of stresses around the bulk microstructures
formed. The estimation of stresses was made for the bulk
regions around the S10 microstructure probed with a
Raman beam in the [100] direction, i.e., in the direction
perpendicular to the ‘graphitic’ cylinder (schematically
shown in Fig. 4). The Raman spectrum measured in the
bulk region near the S10 structure, at the depth of 60 lm
from the (100) side face, is shown in Fig. 6. In this case,
the [100]-oriented stress dominates and the coefficient
(Dx/Dr)[100] = 0.73 cm
-1/GPa is used [43]. Taking
Dx[100] = xdiam2 - xdiam1 = 7.8 cm
-1 from the spectrum
in Fig. 6, we get the mean value of the compressive stress
of r *11 GPa over the probed volume.
In addition, the stress relaxation in the near-surface
layers was found to occur in the course of repeated mea-
surements of the Raman spectra at X = 10 lm (S9
microstructure), that resulted, eventually, in disappearance
of the x1–x5 modes in the spectra. The effect of the stress
relaxation on the Raman spectra is shown in Fig. 7, which
was observed to develop on the timescale of several
months. All the spectra in Fig. 7 were measured in con-
focal mode except for the spectrum 1 in Fig. 7a. After
deconvolution of the Raman spectra (in Fig. 7b) into three
Lorentzian peaks, the calculation of the average frequency
shift (Dxav) showed it to be progressively reduced during
the relaxation process. It follows from Fig. 7 that a month-
long stress relaxation resulted in ‘self-healing’ of the defect
structure of diamond, which was accompanied by
Fig. 6 Raman spectrum measured in the bulk near the S10 structure
at the depth of 60 lm from the (100) side face. xdiam = 1332.5 cm
-1,
xdiam1 = 1337.5 cm
-1, xdiam2 = 1345.3 cm
-1
Fig. 7 Evolution of the low-intensity Raman modes (a) and the first-
order diamond Raman line (b) (in the spectra of the S9 microstruc-
ture) during 4-month period: 1 first measurement, 2 in 1 month, and 3
in 3 months
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disappearance of the x1–x5 modes in the Raman spectra of
the laser-modified diamond.
4 Discussion and conclusive remarks
In the concluding part, we discuss and summarize the
obtained results in an attempt to understand the origin of
the new vibrational modes (x1, x2,…, x5) in the Raman
spectra of the laser-modified diamond.
First, it is found that the new Raman modes are strongly
pronounced in the spectra of high-stress regions in imme-
diate proximity to the bulk microstructures in the absence
of the G mode (xG *1580 cm
-1) characteristic of the sp2
phase. The revealed structure transformation is localized
within a narrow bulk layer near the bulk microstructures, at
the distance of 8–12 lm from the center of the micro-
structures. It implies that a new carbon structure is formed
at temperatures appreciably lower than that inside the laser-
irradiated bulk regions. The detected modes x1–x5 behave
‘in phase’ (as shown in Fig. 3b), and their intensities are
about two orders of magnitude lower than that of the dia-
mond Raman line. This gives a rough estimate of the
content of the new allotropic structure of the order of 1 %
and proves that the new modes are localized in the region,
which is much smaller than the volume typical of Raman
probing in confocal mode (a few lm3). Note also that the
Raman band features do not conform to the phonon density
of states (PDOS) [49], as opposed to the spectra of radia-
tion-damaged diamonds after ion implantation [50, 51] or
fast neutrons irradiation [52] which exhibit broad band
shapes close to the PDOS of diamond.
Second, a comparison of the experimental spectra
(shown in Fig. 3) was made with the calculated frequencies
of the Raman modes for different sp3 carbon allotropes,
including bct-C4, M-carbon, W-carbon, Z-carbon, and
hexagonal diamond (HD) [24, 25]. The x1–x5 modes were
found to be well fitted with the Raman modes of a sp3
carbon structure consisting of two carbon allotropes,
Z-carbon and HD, under pressure of 18–20 GPa. Particu-
larly, the first-order Raman spectrum of Z-carbon at 18
GPa exhibits three large peaks at 1122, 1245, and
1390 cm-1 and one low-intensity peak at 1035 cm-1 (Ag
modes); the spectrum of HD is characterized by the E2g and
E1g modes at 1275 and 1385 cm
-1, respectively [25]. That
is the presence of bulk regions with the modified structure
of ‘Z-carbon embedded in HD’ and high stresses of 18–20
GPa can explain the appearance of the new Raman bands in
the spectra.
There is an apparent discrepancy between the stress
values (18–20 GPa) ‘required’ for the observed frequencies
of the new Raman bands and the stress values (11 GPa)
estimated from the splitting of the diamond Raman line in
the bulk regions adjacent to the modified microstructure.
The difference and ‘underestimation’ of the stresses is
caused by the spatial resolution of the Raman technique,
which is limited by the confocal parameter of several
microns. At such resolution, a lower part of the stress
distribution (see Fig. 4b) is well resolved, giving a high
intensity and almost constant shift for the Raman lines. An
upper part, localized in a layer of width \1 lm, gives an
extended line shift and weaker intensity that can make the
high-stressed region unresolvable in Raman spectra. This
factor is especially important in case of low concentration
of high-stress regions in the crystal, when the averaged
stress value derived from the Raman spectra analysis is
(much) lower than a local stress in a modified region. An
additional evidence in favor of high internal stresses, close
to the fracture strength of the material, comes from the
explosive-like character of crack growth and damage
observed during ps-laser bulk microstructuring of diamond
[13]. Formation of microcracks could also be a reason of a
month-long stress relaxation discussed above (and shown
in Fig. 7).
In the Raman spectra of the S9 and S10 microstructures,
the position of the new Raman bands (the x1–x5 modes) is
practically not changed, whereas the position of the Raman
peaks is known to be pressure dependent and to be shifted
to higher or lower frequencies, depending on the stress
value. The structural bulk modifications and generated
stress values are controlled by laser irradiation parameters
(pulse duration, laser intensity, and pulse repetition rate),
so are the unchanged positions of the x1–x5 Raman bands
observed for almost the same irradiations conditions during
the S9 and S10 bulk microstructuring. Changing the pulse
duration, we observed a shift of the Raman bands to lower
frequencies by *10 cm-1. This is equivalent to a decrease
of the stress value by *3 GPa, but the resulting value of 15
GPa still remains to be higher than the calculated transition
pressure of &10 GPa for Z-carbon [23].
To conclude, the appearance of new vibrational modes
(x1, x2,…, x5) in the Raman spectra of laser-modified
diamond is suggested to result from the formation of sub-
micron bulk regions with a sp3 carbon structure consisting
of carbon allotropes, such as Z-carbon and HD. These
results along with our previous findings on crystal-
lographic-plane-dependent character of structural modifi-
cations and formation/generation of defect centers during
bulk microstructuring [12, 13, 18] demonstrate that bulk
modification of diamond with ultrashort pulse lasers is a
promising technique to generate new carbon phases, optical
centers, and ordered defect structures in single-crystal
diamond.
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